The quest for combining semiconducting with ferromagnetic properties has recently led to the exploration of Mn substitutions not only in binary ͑GaAs, CdTe͒, but also in ternary semiconductors such as chalcopyrites 
I. INTRODUCTION
The quest 1,2 for room-temperature ferromagnetic semiconductors that can be lattice matched to conventional compound semiconductors resulted in a recent interest in Mn doping of binary 1, 3 ͑GaAs, GaN, GaP, InAs͒ as well as ternary 4 -7 semiconductors. While in binary systems Mn substitution clearly occurs on the cation site, in ternary pnictides A II M IV X 2 V ͑e.g., ZnGeP 2 ) or chalcopyrite A I M III X 2 VI ͑e.g., CuGaSe 2 ) the site preference for Mn is unclear. Recent calculations for Mn in CdGeP 2 or ZnGeP 2 ͑Ref. 6,7͒ suggest that both cation site can be substituted, whereas calculations on Mn in CuGaSe 2 and CuGaS 2 considered substitution mostly on the M III site. 5, 8 The site preference is important since substitution on a lower valent site Mn Cu is expected to be a donor ͑releasing electrons͒, whereas substitution on a higher valent site Mn III is an acceptor ͑releasing holes͒. Only holes are expected to lead to ferromagnetism according to Dietl's work. 9 The present paper show how first-principles calculations can determine the site preference as a function of doping ͑Fermi energy͒ and the chemical potentials of Cu and M
III
. We find that Mn prefers the M III site under Cu-rich and III-poor conditions, whereas it prefers the Cu site under III-rich condition. As the Fermi level increases in the band gap, the solubility of Mn on the M III site increases, while that on the Cu site decreases and disappears when E F passes the mid-gap. When E F is close to the valence-band maximum ͑VBM͒, the Mn III is always charge neutral, while Mn Cu is at ϩ1 charge state. When E F is located near the conduction band minimum ͑CBM͒, both Mn III and Mn Cu are in the negative charge state. Furthermore, the Mn chemical potential strongly affects the stability of the host materials: under extremely Mn-rich condition, the chalcopyrite host itself may discompose.
II. STABILITY OF PURE CHALCOPYRITE
The site preference of Mn depends on the formation energies for substitution, i.e. on ⌬H f (Mn Cu ) and ⌬H f (Mn III ), which are related to the allowed chemical potentials in the system. In this section we discuss the stability of pure chalcopyrite, I-III-VI 2 , as exemplified by CuAlS 2 .
First, to avoid precipitation of elemental solids, the atomic chemical potentials should be smaller than that of the corresponding elemental solid. Denoting ⌬ ␣ ϭ ␣ Ϫ ␣ solid we thus have
Second, at equilibrium the sum of chemical potentials for all atoms must equal to the formation energy of the compound. Therefore
where ⌬ is the chemical potential relative to that of corresponding element solid. Equations ͑1͒ and ͑2͒ limit the chemical potentials in the triangle with vertexes decided by (⌬ Cu ,⌬ Al ,⌬ S ). For visual simplicity, the triangle is projected to (⌬ Cu ,⌬ Al ) space in Fig. 1 ϭϪ1.0 eV). The white regions are areas which are excluded due to the formation of competing phases specified in the figures ͑e.g., AlS, Al 2 S 3 ). The allowed ranges may be decreased due to MnS or MnSe precipitates ͑red part in the figure assuming ⌬ Mn ϭϪ1.0 eV); the chemical potential ranges for MnS or MnSe precipitates ͑red part͒ will be enlarged when ⌬ Mn increases ͑i.e., Mn gets richer͒. When E F increases, the separating line PQ will shift up, i.e., chemical potential domain for Mn on III sites grows. For CuGaTe 2 :Mn, there is no yellow region because the separating line PQ is in GaTe domain, and the red area will not appear until ⌬ Mn is greater than Ϫ0.61 eV.
2⌬ Al ϩ⌬ Cu р⌬H f ͑ Al 2 Cu͒.
͑8͒
As shown in Fig. 1 , CuAlS 2 is unstable with respect to formation of Al 2 S 3 in the upper white area of Fig. 1 , i.e., under Al-rich condition, ͑AlS, AlCu, and Al 2 Cu pose weaker constrains, and are included in the Al 2 S 3 ranges in Fig. 1͒ . CuAlS 2 is also unstable with respect to CuS or Cu 2 S precipitation in the lower white area, i.e., under Cu-rich and Al-poor condition. Thus, the total colored area ͑red ϩ green ϩ yellow͒ in Fig. 1 represents the chemical potential domain for which CuAlS 2 is stable.
In order to quantitatively evaluate the chemical potentials at which CuM III X 2 VI is stable with respect to competing phases, we need to know the elemental cohesive energies E C ͓for Eq. ͑1͔͒, as well as the compound formation enthalpies for Eqs. ͑2͒-͑8͒. In this paper, we use for this purpose the pseudopotential momentum-space total-energy method 10 within the generalized gradient approximation of PW91 formulas, 11 and the ultrasoft pseudopotentials of Vanderbilt, 12 as implemented by the VASP code. 13 The defect systems are simulated by a single impurity in a 64-atom supercell, while the formation energies of other compounds are calculated from their primitive cells. We use the basis set energy cutoff of 292.16 eV with appropriate sampling k mesh following Monkhorst-Pack scheme for different unit cells.
14 The formation energies are well converged with the basis set and sampling k points. For example, the formation energy of Mn Al in a 64 atom supercell changes by only 30 meV when the energy cutoff for the basis set is increased to 400 eV and the sampling k mesh is doubled to 4ϫ4ϫ4. 
III. EFFECT OF Mn ON CHALCOPYRITE STABILITY
When Mn is introduced into the chalcopyrite systems, the chemical domain may be further limited due to competing phases formed with Mn, e.g., MnS, MnSe, or MnTe. Therefore,
Since ⌬H f (MnS), ⌬H f (MnSe), or ⌬H f (MnTe) is a constant, the allowed ⌬ S , ⌬ Se , or ⌬ Te values, and thus ⌬ Cu and ⌬ III values will strongly depend on ⌬ Mn . The red area in Fig. 1 denotes the region where chalcopyrite is unstable with respect to formation of MnS or MnSe, assuming ⌬ Mn ϭϪ1.0 eV. In CuGaTe 2 case, the red area ͑due to MnTe͒ will appear when ⌬ Mn is greater than ⌬H f (MnTe), i.e., Ϫ0.61 eV. When ⌬ Mn becomes less negative, i.e., Mn gets richer, ⌬ S , ⌬ Se , or ⌬ Te is required to be lower to avoid the formation of MnS, MnSe, or MnTe, thus the red area will expand. Under extremely Mn rich conditions, i.e., ⌬ Mn ϭ0, the red areas will cover all the colored regions for CuAlS 2 , CuGaS 2 , CuInS 2 , CuGaSe 2 , and CuGaTe 2 . This means that all of these chalcopyrite compounds may be unstable with respect to formation of MnS, MnSe, or MnTe when Mn is extremely rich.
The Al and Mn compounds, such as Al 6 Mn, with relatively less negative formation energy, have no further restriction on chalcopyrite stability. For example, even under extremely Mn rich condition, the Al 6 Mn compound create the restriction of ⌬ Al рϪ0.22 eV ͑cf. Table I͒ , which is already a weaker condition than that imposed by AlS. Therefore, the limitation from Al and Mn compounds are not shown in Fig. 1 . Clearly, MnS is excluding more domains than MnSe and MnTe for a given ⌬ Mn , since MnS has a more negative formation energy than MnSe and MnTe ͑cf. 075208-4
IV. SITE PREFERENCE OF Mn IN CHALCOPYRITES
Having calculated the chemical potential domains for CuAlS 2 , CuGaS 2 , CuInS 2 , and CuGaSe 2 ͑Fig. 1͒, we next discuss the site preference of Mn in these chalcopyrites. The formation enthalpy for Mn substituting either the Cu or the III sites at different charge state are calculated using a single Mn atom in a 64 atom supercell according to 16, 17 ⌬H f
where E(␣,q) and E(0) are the total energy of the supercell with and without defect ␣. Here (⌬ ␣ ϩ ␣ Solid ) is the absolute value of the chemical potential of atom ␣. Also n ␣ is the number of atoms for each defect; n ␣ ϭϪ1 if an atom is added, while n ␣ ϭ1 if an atom is removed. E VBM represents the energy of the VBM of the defect-free system ͑which we take from the averaged eigenvalue of special k points͒ and E F is the Fermi energy relative to the E VBM . The atomic structure was fully relaxed in our calculation. The relaxation energy due to Mn substitution was 20-100 meV. The total energy of charged defects in a supercell calculation includes an error due to image charge interaction from periodic boundary condition. We therefore correct E(␣,q) up to quadrupole term according to the Makov-Payne scheme. 18 The correction raised E(␣,q) by 120 to 300 meV for both qϭ1 and qϭϪ1 charge states.
The functional relations between the formation energy and chemical potentials and E F at different charge states are listed in Table II . The site preference of Mn is determined by the sign of ⌬Eϵ⌬H f (Mn Cu q )Ϫ⌬H f (Mn III qЈ ), which is independent of ⌬ Mn , but depends on E F . Although the Fermi level may be determined by charge neutrality condition, it is not easy to obtain unless all possible defects in these systems are known. If only the Mn Cu q and Mn III qЈ defects are considered, the Fermi level may be pinned at the transition level of Mn III (0/Ϫ) for most cases. 19 Experimentally, chalcopyrites tend to show p-type conductivity, 20, 21 thus the Fermi level is close to VBM, although n-type conductivity could also be realized in some chalcopyrites. 22, 23 Figure 1 shows the possible Mn site preference at different ⌬ Cu , ⌬ III regions, assuming 24, 25 Fermi level at 0.1 eV above the VBM for all the systems. It indicates that Mn prefers the III site ͑green area͒ under Cu-rich and III-poor condition, whereas Mn prefers the Cu site ͑yellow area͒ under III-rich condition. Along the series CuAlS 2 →CuGaS 2 →CuInS 2 →CuGaSe 2 → CuGaTe 2 , the chemical potential domain for Cu site preference is reduced ͑cf. the shrinking yellow areas͒. At the same time, the domain for III site preference is increased ͑increasing green areas͒. As discussed above, the site preference depends on the sign of
. For E F near the VBM, this difference consists mainly of two parts: ͓E(Mn Cu ,ϩ) ϪE(Mn III ,0)͔ and (⌬ Cu Ϫ⌬ III ). In general, the first part increases rapidly along the CuAlS 2 →CuGaS 2 →CuInS 2 →CuGaSe 2 →CuGaTe 2 chalcopyrite series ͑cf. Table II͒, while the higher limit of (⌬ Cu Ϫ⌬ III ) increases slowly ͑cf. Fig. 1͒ . Therefore, the Mn-on-III domain increases along this series.
To get a better description of the effect of E F on the site preference, the dependence of the formation enthalpy on the Fermi level is shown in Fig. 2 for Mn in CuAlS 2 , CuGaS 2 , CuInS 2 , and CuGaSe 2 , at points M and N in the chemical potentials domains ͑cf. Fig. 1͒ . Figure 2 shows the following.
͑i͒ When E F is located near the VBM, the Mn III is always charge neutral, while Mn Cu is at ϩ1 charge state.
͑ii͒ When E F is close to the CBM, both Mn III and Mn Cu are in the negative charge state.
͑iii͒ If the Fermi level moves toward the CBM, the area for Mn Cu preference in the (⌬ Cu , ⌬ III ) plane will be decreased. This is understandable since Mn Cu is energetically stable as a donor, whereas Mn III prefers to be an acceptor. Indeed, even for the point with the least negative ͑i.e., IIIpoor͒ ⌬ III value in the colored area of Fig. 1 
